Teleost fishes evolved livebearing via egg retention 14 times. Matrotrophy has evolved within 12 of those lineages. By contrast, squamate reptiles evolved livebearing over 115 times, but only two to four of those lineages are known to have evolved matrotrophy. Is the discrepancy between these organisms in the probability of this transition caused by differences in their eggs? We show that the eggs of oviparous species in the superorder Atherinomorpha can acquire small organic molecules from their surrounding environment against a concentration gradient via mechanisms of active transport. Uptake rates were inhibited by competing radiolabelled amino acids against unlabelled versions of themselves. Transport was non-specific as uptake rates were similar for L-leucine and its biologically uncommon enantiomer D-leucine. Eggs are also capable of transporting larger microspheres across the membrane, but transport is inhibited at temperatures below 48C, suggesting active transport occurs via pinocytosis. Conflict theory predicts that the ability of the egg to acquire maternal resources will facilitate the embryo-parent arms race that leads to the evolution of matrotrophy following the transition to livebearing. The shelled eggs of amniotes lack such access to maternal resources when retained in the evolution of viviparity.
Introduction
The evolution of complex adaptations, such as vertebrate eyes, presents a challenge because they are composed of components that only appear functional in the context of an entire system. The challenge lies in explaining how each individual component could have evolved in the absence of the others. Darwin proposed that 'organs of extreme perfection and complication' could arise in a gradual stepwise fashion if each intermediate step was favoured by natural selection [1] . Under this scenario, complex adaptations result from a series of contingent events, where each event is facilitated by the ones that preceded it and the series of events sum to the evolution of complexity [2] . One consequence of serial evolution is that the adaptations a species can evolve may be constrained by evolutionary history [3] .
Matrotrophy, most commonly observed in placental mammals [4] , describes a complex adaptation that facilitates active transfer of nutrients from mother to developing offspring during gestation [5] . Matrotrophy is a modern-day endpoint in a series of evolutionary transitions (oviparity with external fertilization ! oviparity with internal fertilization ! viviparity ! matrotrophic viviparitymodified from [6, 7] ). Viviparity and matrotrophic viviparity have evolved repeatedly in the animal kingdom, however the frequency of transitions from viviparity to matrotrophic viviparity varies among taxonomic groups. Among Osteichthyan fishes, viviparity has evolved at least 14 times. The subsequent evolution of matrotrophic viviparity has occurred in 12 of those lineages [8, 9] , sometimes multiple times within a lineage [10, 11] . By contrast, viviparity has evolved over 115 times in squamate reptiles, but the transition to matrotrophy is known to have occurred in only two to four lineages (depending on the phenotype of the common ancestor, [12] ), all within one family [8, 9, 12] . Other anamniotes show patterns similar to Osteichthyan fishes, with the transition from viviparity to matrotrophic viviparity having occurred in six of the eight viviparous lineages of modern amphibians [9, 13] , and five of the nine viviparous lineages in Chondrichthyes [9] . Viviparity has never evolved in Aves and viviparity and matrotrophy have a single origin in mammals [8, 14] , making it impossible to compare them with other vertebrate classes. These patterns raise the question of why the evolution of viviparity so often leads to the evolution of matrotrophy in some groups but not others. One possibility is that the evolution of matrotrophy represents a series of contingent events and that the divergent outcomes between modern taxa are the by-product of differences that arose during intermediate stages. Here we propose the increased incidences of matrotrophy in Osteichthyan fishes is a function of the properties of their eggs, and provide a series of tests designed to examine whether the Cyprinodontiform (Superclass: Osteichthyes) egg is pre-adapted to facilitate the evolution of matrotrophy.
Within the fish Order Cyprinodontiformes there have been multiple independent origins of viviparity and matrotrophy [5, 8, 11, 15, 16] . The levels of maternal provisioning among the viviparous species, estimated by the Matrotrophy Index (MI-dry weight of offspring at birth/dry weight of embryo at fertilization), ranges from less than 1 (newborn offspring are lighter than fertilized eggs) to greater than 100 [5, 11, 16] . Species with MI values of less than one are characterized as lecithotrophic [11] , or yolk feeding, because weight loss during development suggests all or most maternal investment is made prior to fertilization [5] . Species with MI values greater than one are classified as matrotrophic, meaning mother feeding, because embryos must receive resources during development [16] . While the embryos in lecithotrophic species do not appear to receive maternal provisioning after fertilization, some evidence suggests they may still have access to maternal resources. Embryos from females of species with MI values of 0.6 to 0.7 (Family: Poeciliidae) acquire radiolabelled amino acids within hours after their mothers were injected in the caudal musculature with radiolabelled amino acids [17] [18] [19] [20] . Similarly, when females were injected with large, biologically inert fluorescent microspheres, developing embryos were found to fluoresce [21] . Despite the lack of active provisioning in such lecithotrophic species, these results show that internally developing eggs are still able to acquire organic molecules from the environment. Active transport, the movement of molecules across a cell membrane against a concentration gradient and assisted by the consumption of ATP, has been observed in eggs of oviparous fish species [22, 23] . It is thus possible that the developing eggs of lecithotrophic livebearers are capable of active transport which predisposes them to the evolution of matrotrophy.
We tested the generality of the capacity of fish eggs to acquire resources from the environment with eggs from three oviparous species of Cyprinodontiformes and a fourth species from the superorder Atherinomorpha, which includes the Cyprinodontiformes. Viviparity and matrotrophy has evolved multiple times within the Order Cyprinodontiformes [15, 24] , so properties of the oviparous species were probably shared with ancestors of the livebearing lineages. Experiment 1 assessed whether or not eggs were capable of internalizing amino acids from their external environment and concentrating them against a gradient. We then addressed two hypotheses for the mechanism of uptake: (i) if uptake is achieved by active transport via cell membrane proteins that target specific amino acids, biologically common and uncommon isomers of unlabelled amino acids should differ in their ability to inhibit uptake (experiment 2); and (ii) if uptake is instead achieved via a general mechanism, like pinocytosis, then eggs should also be able to acquire large, biologically inert microspheres (experiment 3). Finally, we consider the evolutionary implications of the ability of Cyprinodontiform eggs to actively acquire organic molecules from their environment.
Material and methods (a) Egg collection and staging
Experiments were performed on three species of egg-laying Cyprinodontiformes (turquoise killfish-Nothobranchius furzeri, Hart's rivulus-Rivulus hartii, sheepshead minnows-Cyprinodon variegatus) and one egg-laying species from the superorder Atherinomorpha (Japanese medaka-Oryzias latipes). Stocks of male and female O. latipes, N. furzeri and R. hartii were maintained in 20-50 gallon stock tanks. Fertilized eggs were collected daily, and stored in 96 ml Conex plastic cups filled with Yamamoto solution (NaCl, 0.75%, KCl, 0.02%, CaCl 2 , 0.02%; [25] ) until experimentation. Fertilized eggs of C. variegatus were provided by Steve Munch in a single shipment. Half of the C. variegatus eggs were used in experiments within 24 h of arrival and half stored in saltwater inside a cooler (20-228C) for seven days prior to experimentation in order to examine early and late-stage embryos. Eggs were characterized by their age (in days) as well as stage of development two hours before experimentation [26, 27] . For O. latipes, C. variegatus and N. furzeri, 6-10 eggs of the same age (and within 1 stage of each other) were grouped into a single well of a 48-well Falcon TM tissue culture plate while only one egg per well was used for R. hartii because the eggs are larger (approx. 3 mm diameter in R. hartii versus 1-1.5 mm diameter in other species). For the temperature, amino acid competition and microsphere experiments, eggs were grouped into three stage ranges simplified from [27] : early (stages 1-13; pre-somite stages), intermediate (stages 13-20; pre-pigment stages) and late (stages 36-43; pre-hatching stages).
(b) Incubation in radiolabelled amino acids (experiment 1)
Eggs were transferred into wells containing 300 ml of water filtered through a 0.2 mm polyethersulfone membrane. Prior to this study we monitored responses of embryos left within multi-well plates and found eggs from all four species could be maintained in 300 ml of filtered water for 6 h without any observed impact to their heart rate or subsequent development. Multichannel pipettes were used to simultaneously deliver 300 ml of 14 C-glycine radiolabel in filtered water (20 nCi ml 21 ) resulting in an activity level of 6 nCi in a total volume of 600 ml for each well. Experimental eggs were incubated in the radiolabel solution in a 22-248C water bath for 30 min. Within each 48-well plate, negative control eggs were incubated in filtered water without radiolabel, then used to evaluate possible sample contamination or measurement error of radioactivity detectors. Following the 30 min incubation period, all liquids were removed from the wells and each well was rinsed twice by pipetting 300 ml of filtered water in and out of the well 10 times. Eggs were immediately transferred into liquid scintillation vials containing 600 ml of tissue solubilizer (Solvable TM , PerkinElmer) and incubated overnight at 608C. To test the effectiveness of the rinsing protocol, two empty wells in each plate were filled with 600 ml of the radiolabeled solution (matching the volume of experimental wells) for 30 min and then rinsed alongside the experimental wells. In lieu of eggs, 30 ml of water from the second rinse of the control wells was transferred into the scintillation vials. Neither the egg controls nor the rinse controls ever showed levels of radioactivity above background rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171342 levels, and were, therefore, combined as a single control in all analyses. Once eggs were fully solubilized, samples were allowed to cool to room temperature before adding 5.4 ml of Ultima Gold TM LSC cocktail (PerkinElmer). The counts per minute (CPM) for each vial was measured over ten minutes using a Beckman Coulter LS6500 multipurpose scintillation counter calibrated for 14 C. We repeated the experiments in O. latipes using 14 C-leucine to rule out the possibility that our observations were a product of the small molecular size of glycine and not applicable to other amino acids.
The levels of radioactivity within each scintillation vial were originally contained within the eggs that were solubilized. We used these values to estimate the molecular concentration of amino acid within each egg prior to being solubilized so that we could in turn compare the egg concentration with the incubation medium. Given that the specific activity of the radiolabel was known (55 mCi mmol 21 ), the observed CPM values were converted into Curies (ci), then used to calculate the number of mmol within each vial. Molarity was estimated by assuming the number of moles was contained within the volume of eggs that were de-solubilized (mmol ml 21 ). The molarity within the eggs was then compared to the expected molarity in an equal volume of incubation medium.
(c) Amino acid competition experiments (experiment 2)
Amino acid competition assays were performed to test if rates of radiolabel uptake were inhibited through direct competition with unlabelled 'cold' amino acids. Unlabelled leucine was mixed into solution with 14 C-leucine at molecular ratios ranging from 2.5 : 1 to 187.5 : 1. Owing to egg availability, eggs of R. hartii and N. furzeri were then incubated in the mixed solution and radioactivity levels measured using the same experimental protocols as the previous experiments. Radiolabelled 14 C-leucine was competed against two isomers of unlabelled leucine in order to evaluate the specificity of active transport. Though identical in chemical formula, L-leucine is an essential amino acid vital for organism function while D-leucine is biologically uncommon isomer and typically does not travel across the membrane via the same specific transport channels [28 -30] . If transport is specific, then only L-leucine is expected to compete with the radiolabelled leucine. If it is non-specific, L-and D-leucine would compete equally with radiolabelled leucine. Unlabelled L-and D-leucine were pipetted into separate solutions with 14 C-leucine at molecular ratios ranging from 1 : 2 to 1000 : 1. Two hours prior to experimentation, eggs of similar stages and ages (in days) were grouped together. Eggs were then incubated in either L-leucine or D-leucine mixtures and radiation levels measured using the same protocols as before.
(d) Fluorescent microsphere experiment (experiment 3)
To assess the endocytotic capabilities of the eggs, we incubated them in filtered water with 0.04 mm diameter carboxylatemodified red-orange fluorescent microspheres (FluoSpheres w , Life Technologies TM ). Microspheres were diluted in filtered water to a concentration of 1.18 Â 10 13 beads ml 21 . Individual eggs from R. hartii, N. furzeri and O. latipes were incubated in the well of 96-well Falcon TM tissue culture plates containing 300 ml of the diluted microspheres. Plates were incubated at room temperature (22-248C) for 30 min as in the previous experiments. Control eggs were incubated in filtered water without microspheres in the same plate for the same duration as the experimental treatment. After the second rinsing, eggs were immediately fixed in 2% glutaraldehyde. Eggs were visualized using an Atto pathway HT high throughput automated confocal microscope. Images of the eggs were taken using transmitted light and then a 580 nm arc lamp (565/580 nm excitation/emission maxima), and subsequently superimposed on one another for analysis.
Previous research shows that endocytosis can be inhibited at temperatures less than 48C [31] ; therefore, we repeated the experiment at decreased temperatures with eggs from R. hartii. Four hours prior to the experiment eggs were grouped into early-, intermediate-and late-stages and then evenly split between two separate 96-well plates. We created a less than 48C treatment by leaving one plate, along with the microsphere mixture and filtered water, on ice in a 68C walk-in cooler for 2 h prior to experimentation. The second plate and relevant liquids were simultaneously left at room temperature. Experimental and control eggs (no microspheres) in both temperature treatments were simultaneously incubated, rinsed and photographed using the aforementioned protocol.
(e) Statistical analysis
Mean levels of radioactivity for each egg were analysed using generalized linear mixed models (GLMM) in the R package MASS [32, 33] . Experimental treatment and embryo age were included as fixed effects in all models. For the competition experiments, the ratio of cold label to radiolabel was included as a fixed effect. To control for variation among replicates, experiment date was included as a random effect. In cases where the age of the embryo had no significant effect, the model was rerun with embryo age as a random effect. All models used a g distribution with a log link because radioactivity data are positive with a variance that is near constant on a log scale (electronic supplementary material, table S1).
Our research was done in compliance with the guidelines set by our IACUC committee and the research was performed under the aegis of animal use protocols 20110007 and 20140003.
Results (a) Active transport of amino acids
Eggs from all four species had significantly higher levels of radioactivity in the glycine incubation treatment relative to control treatments ( figure 1a and table 1) . Eggs from O. latipes also had significantly higher levels of radioactivity in the leucine incubation treatment relative to the control treatment ( figure 1a and table 1 ). The concentrations of radiolabel inside the eggs, estimated from the total radioactivity in the scintillation vials and the volume of the eggs, were 2.8 to 11 times higher within the egg than in the incubation medium (table 1). Embryo age had a significant positive effect on the observed levels of radioactivity in the glycine incubation treatment but not in the control treatment for C. variegatus (age Â treatment: x in the presence of microspheres. We did not detect any fluorescence in either control group. Fluorescence was observed on the external surface of the egg as well as within the egg, often concentrated within the yolk sac; however, eggs incubated in microspheres at temperatures below 48C only had fluorescence on the external surface of the egg, never within the egg (figure 4; electronic supplementary material).
Discussion
Our results support our hypothesis that fertilized eggs of Cyprinodontiform fishes are capable of active amino acid transport (table 1). Regardless of species or organic molecule, eggs in the experimental incubation treatments contained higher levels of radioactivity than control groups. The washing protocol was effective in removing radiolabel from adhering to exposed surfaces because activity levels of both control groups were consistent with natural background radioactivity. Moreover, the molarity of both amino acids within each egg was 2.8-11 times higher (table 1) than an equivalent volume of the incubation medium, indicating that each egg is capable of acquiring organic molecules against a concentration gradient.
Observed rates of active transport were variable across species, developmental stage, temperature and amino acid concentration. The fastest rate of transport was observed in O. latipes and the slowest rate observed in N. furzeri, when controlling for egg size. Interestingly, rates of transport were elevated in older embryos of O. latipes and C. variegatus, but not in R. hartii and N. furzeri. The results of R. hartii and N. furzeri are inconsistent with previous work that found rates of uptake to be elevated in older herring (Clupea harengus) embryos [22] . This pattern may be explained by the biology of the two species; N. furzeri is an annual killifish capable of reducing its metabolic rate by undergoing developmental diapause [6] , while R. hartii can also exhibit delayed hatching phenotypes [34] . If some of our later stage embryos of these two species were undergoing developmental arrest and if the levels of uptake in Cyprinodontiform eggs are influenced by the metabolic rate of the embryo, such arrest may account for the lower rate of uptake of label in advanced embryos in these species. Lastly, uptake of the radiolabelled amino acid was inhibited by increased concentrations of the unlabelled versions of the same amino acid (figures 2 and 3) . This inhibition points to an upper limit in the rate of transport, but does not rule out any of the possible mechanisms.
Active transport across an egg membrane can occur via diverse mechanisms, including ion pumps, exocytosis and endocytosis [35] . Our results suggest that Cyprinodon eggs are concentrating molecules through the non-selective mechanism Figure 1 . Mean and standard errors of observed levels of radiation in embryos from (a) four egg-laying species (this study), and (b) one livebearing species [17, 19] of Cyprinodontiformes, after correcting for embryo mass and radiolabel concentration. These comparisons are conservative because the exposure times were longer and the specific activities of the radiolabel were higher in G. geiseri studies than in the four egg-laying species. of pinocytosis. Specific transport channels, as has been observed in Pseudomonas and Rhizobium [29, 30] , cannot explain our results because we observed similar rates of competitive inhibition for both D-and L-leucine ( figure 3 ). If specific transport channels were responsible, D-leucine would not inhibit the uptake of radiolabelled L-leucine. The similar rates of inhibition in the presence of unlabelled D-and L-leucine, along with the presence of a non-specific binding region in the competition curve, points to the presence of a non-specific transport mechanism. However, these results are consistent with bulk transport via pinocytosis, which can be inhibited by saturating the surrounding medium with an analogous molecule [36] . This conclusion is also supported by the results of the microsphere experiments. Microspheres are biologically inert and larger than molecules (40 nm in diameter versus 0.8 nm diameter of amino acid) that can pass through cell membrane channels, and are most likely transferred via endocytotic pathways [37] . Eggs from all three species examined were capable of microsphere uptake, and microspheres were found concentrated in the yolk (figure 4b). Previous work in mammals and plants revealed that pinocytosis, the most common mechanism for transferring particles approximately 40 nm in diameter, can be inhibited at lower temperatures [31, 38] . In fact, we found uptake of the microspheres ceased when eggs of R. hartii were incubated at temperatures below 48C (figure 4c). These eggs had microspheres adhered to their outer shell but did not contain microspheres internally (figure 4c). At low temperatures, microspheres can adhere to the egg surface, but are not transported across the egg membrane owing to the inhibition of pinocytosis. Why do fish eggs have the ability to absorb materials from the external environment? Previous work suggests that the rates of uptake in fish eggs are not high enough to supplement an embryo's diet in any meaningful way [22, 23] . Active transport may instead serve as a means of gaining information about the external environment. For example, eggs of other teleost fishes vary their hatching rates when exposed to predator cues [39, 40] .
Mounting evidence suggests that active transport may be retained in the internalized eggs of viviparous species [17] [18] [19] 21] . Multiple studies have observed the uptake of radiolabelled amino acids in internally developing embryos shortly after injecting gravid females [17] [18] [19] [20] . These experiments were performed on Poecilia mexicana and species of Gambusia, all viviparous lecithotrophic fish species [11, [17] [18] [19] [20] . These authors interpreted the uptake of label as the presence of matrotrophy, however our results suggest that this uptake is instead a property retained from an egg-laying ancestor. We evaluated this possibility by creating a conceptual model where the total volume of a gravid female was treated as a volume of water that radiolabel was added to, and assumed that the radiolabel was uniformly distributed throughout this volume. Molar concentrations were estimated using the specific activity of the injected radiolabelled amino acid and the concentrations reported for the embryos. We compared the estimated concentration of label in the dissected embryos from those studies with the concentration observed in the embryos of our study. The concentration of label in the embryos was similar for both studies ( figure 1b) . Moreover, the injection studies used longer exposure times and radiolabel with a higher specific activity [17, 19] , making the direct comparison between our study and theirs conservative because, all else being equal, the levels of radioactivity in their study have the potential to be greater. These similarities argue that active transport via pinocytosis is a property of the Cyprinodonitform egg that is retained through the evolutionary transition from egg-laying to livebearing. These results also argue that using radiolabel uptake in livebearing species is not evidence for matrotrophy. There are potential mechanisms for developing embryos to acquire the radiolabel in the absence of maternal provisioning.
The evolution of matrotrophy represents a last step in a series of evolutionary transitions in reproductive mode [6, 7] . We argue that these transitions represent a series of events contingent on the nature of the preceding steps. The contingent nature of these sequential adaptations potentially explains the discrepancy among lineages in the probability that matrotrophy evolves from lecithotrophic ancestors. The discrepancy between teleost fishes (12 out of 14) and squamate reptiles (2-4 out of 115) [8] is particularly striking. If all teleost egg membranes are like those of the Cyprinodontiformes included in this study, then the egg retained in the earliest stages in the evolution of viviparity has the ability to acquire nutrients from its mother. This ability lays the foundation for the parent-offspring conflict that is the proposed mechanism behind the evolution of complex forms of matrotrophy, including placentas [41] [42] [43] . By contrast, in order for a squamate to evolve viviparity, the egg must first suppress the development of tissues (e.g. the egg shell) that evolved to isolate and protect the embryo from its surrounding environment. If the amniotic membranes that enclose the developing embryo were incapable of active transport, the same foundation of active transfer and initiator of intergenomic conflict would not be present. We suggest this difference between the starting points of viviparity in teleosts versus squamates may contribute to the observed differences in the rate at which livebearing lineages evolve matrotrophy. Data accessibility. All data for this study has been stored on Dryad:
http://dx.doi.org/10.5061/dryad.mr72b [44] .
(a) ( b) ( c) Figure 4 . Overlaid confocal microscopy images taken with ambient light and a 565/580 nm excitation lamp: (a) O. latipes eggs from the negative control which were not exposed to the microsphere and show no red fluorescence, (b) O. latipes embryos from the exposure treatment showing red fluorescence concentrated internally and on the outer surface of the egg, and (c) an embryo of R. hartii that was exposed to radiolabel at sub-48C temperatures with red fluorescence only on the outer surface of the egg.
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